Porcine pleuropneumonia (PP) is a severe and contagious swine pulmonary disease caused by *Actinobacillus pleuropneumoniae*(APP) \[[@r2]\]. This disease affects pigs of all ages and has a major impact on economics, ecology and animal welfare in the pig-rearing industry \[[@r2], [@r7]\]. For control of PP, vaccination is important \[[@r7]\]. APP is divided into 15 serotypes \[[@r1]\] with a lack of cross-protection between the main serotypes, \[[@r1]\] thus resulting in slow progress in the development of vaccines \[[@r19]\]. Among several APP virulence factors, Apx exotoxins are recognized as major contributors to virulence \[[@r7]\]. The importance of Apx toxins in protective immunity against PP has been demonstrated in many studies \[[@r7], [@r17]\]. APP produces three virulent Apx toxins, ApxI, ApxII and ApxIII \[[@r1]\]. An outer membrane protein, OmpA, is a highly conserved protein that is an integral component of the outer membranes of Gram-negative bacteria. It has characteristic heat-modiﬁable properties and is also immunogenic \[[@r14]\]. In a previous study \[[@r10]\], new live attenuated *Salmonella* Typhimurium strains expressing each ApxIA, ApxIIA, ApxIIIA and OmpA antigen as vaccine candidates for the prevention of PP were constructed. In addition, we confirmed that the intranasal immunization with the vaccine candidate effectively stimulated both antigen-specific IgG and IgA immune responses in the systemic and mucosal compartments, respectively \[[@r10]\]. The vaccine candidate effectively protected APP infection after challenge with a wild-type APP in mice \[[@r10]\]. In order to understand the further immunological responses after intranasal immunization with this candidate, the proliferation of lymphocytes, T-lymphocyte subsets and the resulting cytokines was studied in a murine model.

The recombinant ApxIA, ApxIIA, ApxIIIA and OmpA proteins were prepared from JOL997, JOL1000, JOL1007 and JOL1076 strains, respectively, using an affinity purification process with nickel-nitrilotriacetic acid-agarose (Qiagen, Valencia, CA, U.S.A.) \[[@r10]\]. The delivery strains, attenuated *Salmonella* Typhimurium (*∆lon∆cpxR∆asd*) mutant JOL1300 for ApxIA, JOL1301 for ApxIIA, JOL1302 for ApxIIIA and JOL1303 for OmpA, were grown individually in LB broth at 37°C to an OD~600~ of 0.8 \[[@r10]\]. The cells were harvested by centrifugation and were resuspended to 1 × 10^7^ colony-forming units (CFU)/m*l* in sterile phosphate buffered saline (PBS). Thirty female BALB/c mice were divided equally into two groups. All mice were intranasally inoculated at 6 weeks of age \[0 week post inoculation (WPI)\]. Group A mice were inoculated with approximately 1 × 10^5^ CFU in 10 *µl* of an equal-volume mixture of the four delivery strains (consisting of approximately 0.25 × 10^5^ CFU per strain in 10 *µl*). Group B mice were inoculated with 10 *µl* of sterile PBS, as previously described \[[@r10]\]. The animal experiments mentioned in this study were conducted with ethics approval (CBU 2011-0017) from the Chonbuk National University Animal Ethics Committee in accordance with the guidelines of the Korean Council on Animal Care.

Spleens from 5 mice per group were aseptically collected at 4 WPI as previously described \[[@r5]\]. The splenocyte proliferation assay was performed with specific antigens as previously described \[[@r18]\], with a slight modification. Briefly, 100 *µl* of cell suspension at 5 × 10^6^ cells/m*l* in complete RPMI-1640 medium were incubated in 96-well tissue culture plates with 50 *µl* of, medium alone as an unstimulated control or medium containing 4 *µ*g/m*l* of ApxIA, ApxIIA, ApxIIIA or OmpA antigen at 37°C in a humidified 5% CO~2~ atmosphere for 48 hr. Concavalin A (0.5*µ*g/well) was used as a positive control. The blastogenic response for the assay was expressed as the mean stimulation index (SI), calculated by dividing the value of stimulated culture with the antigens by the value of non-stimulated culture. The percentage (%) difference in stimulated and unstimulated splenocytes of each antigen was compared. To analyze changes in the T-lymphocyte subsets in the spleen after inoculation, the splenocytes from five mice in each group were collected at 4 WPI following the method described above. Subsequently, the cells were stimulated with the individual antigen for 12 hr \[[@r13]\]. The cells were incubated with monoclonal antibodies against CD3, CD4, CD8 and CD45R (eBioscience, San Diego, CA, U.S.A.), as previously described \[[@r5]\], and analysis was carried out using a FACS CaliburTM (Becton Dickinson Immunocytometry Systems, San Jose, CA, U.S.A.) instrument equipped with a 15 mW, 488 nm air-cooled argon laser. Data analysis was performed using FlowJo software (Treestar, Inc., San Carlos, CA, U.S.A.). Approximately 5 × 10^6^ splenocyte cells per well were cultured in 24-well tissue culture plates for 72 hr in the presence of 4 *µ*g/m*l* of each antigen \[[@r5]\]. The cell suspensions were centrifuged at 1,500 rpm for 5 min to obtain the supernatants. ELISA was also used to measure the concentration of cytokines, such as IL-4, IL-6 and IL-12 in the supernatants using the mouse cytokine ELISA Ready-SET-GO reagent set according to the manufacturer's instructions (eBioscience Inc.). All data were expressed as the mean ± standard deviation (SD). Analyses were performed with SPSS version 16.0 software (SPSS, Chicago, IL, U.S.A.). An independent sample *t* test was used to analyze statistical differences in the immune responses between the immunized groups and an unimmunized control group. Statistical significance was determined at *P*≤0.05.

Splenocyte proliferation responses against individual antigens revealed a significant increase in the SI values of the inoculated group mice compared to those of the control group mice (*P*≤0.05). In group A, SI values against the ApxIA, ApxIIA, ApxIIIA and OmpA antigens were 1.36 ± 0.17, 1.42 ± 0.19, 1.48 ± 0.10 and 1.45 ± 0.10, respectively, while SI values in group B were 1.01 ± 0.03, 1.02 ± 0.05, 1.08 ± 0.11 and 1.11 ± 0.13, respectively ([Table 1](#tbl_001){ref-type="table"}Table 1.Splenocyte proliferative responses against ApxIA, ApxIIA, ApxIIIA and OmpA antigens in inoculated group A and control group B miceAntigenGroupSPA (SI value)ApxIAA1.36 ± 0.17 ^a)^B1.01 ± 0.03ApxIIAA1.42 ± 0.19 ^a)^B1.02 ± 0.05ApxIIIAA1.48 ± 0.10 ^a)^B1.08 ± 0.11OmpAA1.45 ± 0.10 ^a)^B1.11 ± 0.13SPA, Splenocyte proliferative assay. SI, the stimulation index. Asterisks indicate significant differences between the values of the immunized and control groups. a) *P*≤0.05.). Analysis of the T-cell populations against ApxIA, ApxIIA, ApxIIIA and OmpA in group A showed an increased number of CD3^+^CD4^+^ and CD3^+^CD8^+^ lymphocytes compared to those of the control group. In addition, the B-lymphocytes (CD45R^+^) against the proteins in group A were increased ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Flow cytometric analysis of T-lymphocyte and B-lymphocyte subpopulations in the spleen at 4 WPI. Bar graphs represent B-cell, CD3^+^CD4^+^ and CD3^+^CD8^+^ splenocyte subpopulations in the inoculated mice. All values of the bar graphs are presented as the mean ± SD. Asterisks indicate significant differences between the values of the inoculated and control groups (\**P*\<0.05).). The levels of IL-6 and IL-12 (*P*\<0.01), as well as IL-4 (*P*\<0.05) in the inoculated group were significantly increased compared to those, in the non-inoculated group ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Cytokine titers in the splenocytes at 4 WPI. Group A, (□); group B, (■). Data are the mean of all mice in each group; error bars show SD. Asterisks indicate a significant difference between the values of group A mice (\**P*\<0.05) and those of the control group mice.).

For complete pathogen clearance, the adaptive immune response is stimulated, in which specific antibodies, such as IgA and IgG, play a major role in preventing extracellular bacteria, such as APP \[[@r15]\]. Activated CD4^+^ T-helper lymphocytes provide stimulation for specific antibodies, which function to neutralize bacterial toxins, such as ApxIA, ApxIIA and ApxIIIA, block attachment of APP to host cells and mediate phagocytosis of invading the microorganisms \[[@r15]\]. Attenuated *Salmonella* Typhimurium is being widely studied as a delivery system for targeted antigens, and this vehicle has been shown to effectively induce mucosal and systemic immune responses to heterologous antigens in animals \[[@r9]\]. In our previous study, intranasal immunization with the vaccine candidate effectively induced both antigen-specific IgG and IgA immune responses \[[@r10]\]. In addition, the antigen-specific cell-mediated immune response is an important factor in the preventing and clearing bacterial infection \[[@r15]\]. The antigen-specific cell-mediated immune responses can be numerically expressed as a measurement of antigen-specific lymphocyte proliferation activity \[[@r16]\]. The antigen-specific lymphocyte proliferation assay indicated that significant cell-mediated immune responses were elevated in the inoculated group with the delivery strain-based vaccine candidate. The antigen-specific lymphocyte populations in the splenocytes were examined to gain more insight into the immunological effects of intranasal inoculation with the candidate. In particular, the efficient proliferation of CD3^+^CD4^+^ and CD3^+^CD8^+^ T cells in splenocytes suggests that intranasal inoculation promotes T cell-mediated immune responses. Additionally, antigen-specific CD45R^+^ cells (B cells) in the splenocytes were increased after inoculation. These data imply that intranasal immunization with the candidate may induce immunological reactions associated with T cell-dependent B cell activation in response to APP.

IL-4 activates B cells and induces a T-helper 2 (Th2) type immune response, while IFN-γ induces a Th1 type immune response \[[@r6]\]. IL-12 is an immune regulatory cytokine \[[@r12]\]. Furthermore, IL-12 has been shown to play a crucial role in the development of Th1 type immunity \[[@r3], [@r12]\]. A Th1 antibody response is associated with protection from infection, while a Th2 response is helpful for clearing infections \[[@r6]\]. Thus, an ideal vaccine should enhance Th1 responses while concomitantly maintaining Th2 responses. In this study, the concentrations of IL-4 and IL-12 in the culture media of *in vitro* stimulated splenocytes from the immunized group mice were significantly increased. These results suggest that intranasal immunization with the candidate can induce both Th1- and Th2-type immune responses.

Secretory IgA transported and secreted across the mucosal epithelium into the lumen can inhibit the attachment of microorganisms and/or neutralize exotoxins \[[@r8]\]. The APP bacteria are located in the tonsils of infected animals during the infectious stage, which can allow the bacteria to escape from host immune surveillance \[[@r4]\]. The defense mechanism against pulmonary bacterial infections depends on the clearance of the pathogens from the respiratory tract, and mucosal immunity from IgA production is necessary for effective vaccination against PP \[[@r7]\]. In previous reports, however, it has been shown that systemic immunization via intramuscular or subcutaneous injection does not significantly induce a mucosal IgA response \[[@r7], [@r17]\]. Recently, it has been assessed that the induction of the mucosal immune response through intranasal immunization with live attenuated vaccines mediates secretory IgA production and can prevent both disease outbreak as well as the generation of asymptomatic carriers by precluding pathogen attachment to the tonsils \[[@r7]\]. Generally, T-helper 2 (Th2) cells produce IL-4, IL-5, IL-6 and IL-10 cytokines \[[@r11]\]. Although IL-4 is important for mucosal IgA induction, IL-5, IL-6 and IL-10 can act as a counterbalance to IL-4 in the presence of a strong Th1 response \[[@r20]\]. In our previous study, we confirmed that the intranasal inoculation procedure effectively stimulated IgA immune responses in mucosal compartments \[[@r10]\], and the results in this study showed that the levels of IL-6 against these antigens in the splenocytes of the inoculated group were significantly increased. This result implies that intranasal inoculation with the candidate may strongly induce mucosal IgA via IL-6 in the presence of a strong Th1 response. In addition, we investigated cytokines to each antigen from mice inoculated with delivery *Salmonella* strain containing vector only without each antigen gene. The results showed that IL-4, IL-12 and IL-6 cytokine concentrations to the individual antigens were not effectively induced (data not shown) by delivery *Salmonella* strain containing vector only unlikely the vaccine candidate. These results indicate that the cytokines against the individual antigens can be effectively induced by each antigen expressed from the delivery *Salmonella* strains, but not *Salmonella* itself.

Collectively, these results help to understand that intranasal immunization with the vaccine candidate effectively protected APP infection through induction of cell-mediated immune response as well as serum IgG and mucosal IgA immune responses.
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